The intraneuronal chloride concentration ([Cl -] 
Introduction
The action of GABA through GABA A receptors is primarily mediated by the flow of Cl -and to a lesser extent, bicarbonate (HCO 3 -) [1] . The driving force for Cl -mediated currents through GABA A receptors depends on the neuronal resting membrane potential (RMP) and the reversal potential of Cl -(based on the local extra-and intracellular [Cl -]). If E Cl is significantly more positive than the RMP of a neuron, GABA A receptor activation will depolarize the membrane and lead to excitation or shunting inhibition [2, 3] . If E GABA is more negative than RMP, GABA A receptor activation will inhibit the neuron by membrane hyperpolarization.
[Cl -] i decreases in a rostral-caudal sequence during development and the neocortex is one of the last regions to develop low [Cl -] i [4, 5] . However, recent data in the hippocampus illustrated that traumatic sectioning of brain slices increases the [Cl - ] i in the most superficial neuronal layer [6] . This data raised the possibility that slicing artifacts might have contributed to the observed elevated [Cl - ] i during early development [7, 8] 
Cl -determination
Quantitative measurements on 3D stacks were performed using Image J (National Institutes of Health, freeware) offline. The CFP and YFP z-stack images were loaded and the background level (arithmetic mode of the last slice of a z-stack) was subtracted from the entire 3D stack. Next, a median filter was applied to all of the 3D planes. Cells were visually identified, a region of interest (ROI) was drawn around the cell bodies, and the ratio of the YFP/CFP fluorescence intensity was measured. Each cell's YFP/CFP ratio was converted into [Cl -] by the following equation:
where K 
Cell depth correction
An 8x8 grid (64 squares) was placed on top of the imaged slice using ImageJ. The arithmetic mode (corresponding to the background) of each grid square was calculated for all the z planes. Empty space (above the slice) was defined as background equal to 0. The edge of the slice (ed), determined in each grid square, was defined when the background increased to >1 in any of the 64 grid squares. Next, the x, y and z position of each neuron (ROI) was obtained. The corrected z position of each ROI was obtained by the following equation:
Where: Z i is the corrected z position of the neuron which gives the distance of the neuron from the cut edge of the slice; Z o is the original ROI z position; ed is the z position corresponding to the edge of the slice. The computation was done with a macro running in Igor Pro v6.37 (Lake Oswego, OR). Each slice edge position was manually verified.
Statistics
Histogram bin size was determined by using Scott's method [10] :
Where SD is the standard deviation and N is the number of observations. As the number of observations and SD varies between experiments and as the imaged z-axis interval was 2 μm, we used a single bin size of 6 μm that was obtained by averaging the BinWidth from each age group and brain structure (calculated by Eq 3). Deep cells (>150 μm) had low count numbers. Therefore, neurons beyond 150 μm, or if there were less than 20 cells in a bin, were binned together. E Cl We imaged Clomeleon-expressing neurons in neocortical layers IV/V (frontal to mid-parietal) and VP thalamus at P5-6 (P5), P10-11 (P10), P15-16 (P15), and P20 using multi-photon microscopy. While the slices were imaged, it was evident that the brain slice surface topography was distorted by alterations in the surface tension produced by the imaging objective and the wire harp used to stabilize the slice (Fig 1A) . Thus, we first develop a method to correct the position of the neuron based on its relative location to the surface of the slice (Fig 1A and methods) . To correct the warping of the slice we segmented each z plane into 64 squares and obtained the depth position (z-position) of every selected Clomeleon-expressing neuron. Next, we subtracted, from the original z-position of each imaged neuron, the location of the edge of the slice in the corresponding grid square. This method allowed us to calculate every neuron's distance from the cut edge of the slice (Fig 1B and 1C) . With the correct depth position of the Clomeleon expressing neurons in the slice we went on to study the relation between [Cl -] i and the neuron's depth at different developmental ages.
[Cl -] i is different between the surface and deep regions in both thalamic and neocortical brain slices at P10
The neuron's depth position was binned every 6 μm (see statistics methods). Fig 2A shows the distribution of [Cl -] i vs. depth of the neuron in a slice in both neocortex layer IV/V and VP thalamus at P10 and illustrates a strong correlation between [Cl -] i and the distance of the neuron from the cut edge of the slice. We defined the superficial layer of the slice as the first 54 μm (9 bin widths) to be able to compare it to the next 54 μm of depth. We analyzed these two depth layers in the slices (0-54 μm and 54-108 μm) because the first 100 μm is where most electrophysiological recordings are done in slice experiments [11] [12] [13] [14] [15] . 12 ± 15.3 mM, n = 2899; Rank Sum Test, p<0.001; Fig 2A) . There were fewer Clomeleonexpressing neurons in the most superficial layers in both brain structures (Fig 2A) , which suggests extensive cell death after sectioning [6] . Further depth subdivisions into more segments did not provide additional useful information. The calculated E Cl had more positive values in the most superficial layers, corresponding to depolarizing actions of GABA A R activation at physiological RMPs [16] (Fig 2B) . Finally, the YFP/ CFP ratios of Clomeleon-expressing neurons (which are independent of its calibration) also demonstrated low values (corresponding to high [Cl -]) in the most superficial neurons (Fig 2C) . To determine if these initial observa- 
Developmental decrease in [Cl -] i is independent of traumatic injury
We evaluated if the association between [Cl -] i and a neuron's depth in an acute slice observed at P10 was also present at P5, P15 and P20 (Fig 3) . The [Cl -] i was higher in the superficial layer of the slice in both thalamus and neocortex at all tested ages ( Figs 3 and 4 , Rank Sum Test, p<0.001). There were fewer Clomeleon expressing neurons in the most superficial layers in both structures, as observed at P10, which accounts for the larger standard deviation (Fig 3 and  4) . Interestingly, there is no difference between the [Cl -] i of the most superficial regions (<54 μm) in the neocortex at the different ages (One Way ANOVA on Ranks, p = 0.09), but there is a difference in the most superficial regions of the thalamus (One Way ANOVA on Ranks p = 0.001; post-hoc Dunn's method p<0.05 between all ages, Fig 4) . These observations suggest that the thalamic neurons may be more rapidly susceptible to trauma, dying at higher rates during the incubation period prior to Cl -imaging. Also, the proportion of cells in the surements in the neocortex using other techniques [16, 17] [19] . This paper also argued that chloride co-transporters (including NKCC1 and KCC2) actual role is to facilitate the movement of Cl -and water to maintain the equilibrium conditions established by the local immobile anion concentrations. When the equilibrium changes after damage to the ECM, the chloride co-transporters will alter [Cl -] i accordingly. This may explain the beneficial effects of low concentrations of bumetanide (that block NKCC1 activity) after brain injury [6, [19] [20] [21] [22] . Matrix metalloproteinases, enzymes expressed in neurons and glia that degrade the extracellular matrix, are released during physiological and pathological conditions, including ischemic injury and traumatic brain injury [23] [24] [25] [26] [27] . It was recently demonstrated that there is an increase in matrix metalloproteinases protein expression as early as 10 min post injury in the neocortex and peaking at 1 hour in a mouse model of traumatic brain injury [28] . Therefore, we hypothesize that brain slicing, which is a severe type of trauma, leads to physical disruption of the extracellular matrix as well as the release of metalloproteinases from dying and injured neurons as well as from microglia. In addition, increases in neuronal volume accompany the increases in [Cl -] i (Glykys et al. 2014 ), therefore these processes may be relevant to the development of cytotoxic edema after traumatic brain injury. Interestingly, there are a significant number of Clomeleon expressing neurons in the most superficial layers in both brain structures at P5 yet the proportion of neurons in this superficial layer is lower at P10 an onwards. This suggests that more developed neurons are more susceptible to trauma, but the reasons are beyond the scope of the present study. Possibilities include inability to cope with higher volume and / or [Cl -] i ; neurons with longer/more neurites at older ages; trauma during slicing, for example as a consequence of a physically stiffer brain; higher levels of metalloproteinases; or other traumatic sequela (e.g. elevated [Ca 2+ ]). In addition, our results (Fig 3) ] i but also dependent on the neuron's RMP. While we did not measure the RMP in our experiments, other researchers have [16] . As seen in Fig 2, there are a significant number of neurons whose E GABA is more positive than RMP (e.g. -80 mV at P10 as measured by Rheims et al., 2008 in the superficial layers of the acute hippocampal slice [6] . While the intact hippocampus demonstrates lower [Cl -] i, between P5-P7 compared to the acute slice preparation, GABA also has a depolarizing effect in the hippocampal intact preparation at P1-3 [33] . Moreover, there is indirect data demonstrating depolarizing actions of GABA in the neonatal neocortex in vivo by using electrophysiological and Ca 2+ imaging [34] . [9, 32, 35] .
